All RNAPs (RNA polymerases) repeatedly make use of their DNA template by progressing through the transcription cycle multiple times. During transcription initiation and elongation, distinct sets of transcription factors associate with multisubunit RNAPs and modulate their nucleic-acid-binding and catalytic properties. Between the initiation and elongation phases of the cycle, the factors have to be exchanged by a largely unknown mechanism. We have shown that the binding sites for initiation and elongation factors are overlapping and that the binding of the factors to RNAP is mutually exclusive. This ensures an efficient exchange or 'swapping' of factors and could furthermore assist RNAP during promoter escape, enabling robust transcription. A similar mechanism applies to the bacterial RNAP system. The elongation factors are evolutionarily conserved between the bacterial (NusG) and archaeo-eukaryotic (Spt5) systems; however, the initiation factors [σ and TBP (TATA-box-binding protein)/TF (transcription factor) B respectively] are not. Therefore we propose that this factor-swapping mechanism, operating in all three domains of life, is the outcome of convergent evolution.
Short history of RNAP (RNA polymerase) architecture and its evolution
The function of multisubunit RNAPs, i.e. DNA templatedependent RNA polymerization, is essential to all cellular life forms, and the ancestry of its catalytic core goes back to the LUCA (last universal common ancestor) and quite possibly beyond to the RNA world [1] . The evolutionary relationship between RNAPs from the three domains of life can be traced in their subunit composition (Table 1) , the amino acid sequence of the subunits, the structure of the RNAP ( Figure 1 ) and its molecular mechanisms. A universally conserved core of RNAP subunits carries out the basic tasks of the enzyme, including substrate NTP binding, template-directed and high-fidelity RNA polymerization (phosphodiester bond formation), backtracking and transcript cleavage. In conjunction with basal transcription factors, the core RNAP is capable of promoter-directed and start-site-specific initiation of transcription [2, 3] . The overall architecture of RNAP resembles a crab claw that holds the DNA template between its pincers; it consists of a rigid body with flexible modules with the most important being the clamp. The RNAP clamp has been hypothesized to close over the DNA-binding channel by a rotation of approximately 30
• and a movement of up to 30 Å (1 Å =0.1 nm) [4, 5] . The position of the RNAP clamp seems important for (i) DNA melting and open complex formation during initiation, (ii) high processivity during elongation, and (iii) efficient termination. In bacteria, four distinct types of RNAP subunits make up the RNAP core, whereas archaeoeukaryotic RNAPs include additionally six or seven subunits that are involved in RNAP assembly and interactions with the DNA template and RNA transcript. The hallmark of all archaeo-eukaryotic RNAPs, which is not present in bacterial RNAPs, is the versatile stalk module that interacts with the nascent RNA transcript, stimulates transcription processivity, enables efficient termination at weak terminator signals and recruits RNA-processing factors in eukaryotes [2, [6] [7] [8] [9] [10] .
The picture that emerges is that of a highly conserved catalytic core with less-well-conserved subunits at the periphery, from the small bacterial via the archaeal to the eukaryotic RNAPs [11] (Figure 1 ). The basic functionality of the RNAP core is thus likely to be evolutionarily ancient, whereas interactions with factors that emerged much later in evolution, perhaps to fine-tune and regulate transcription, are facilitated by peripheral RNAP subunits including the stalk [12] . Table 1 Evolutionary conservation of RNAP subunits and transcription factors in the three domains of life Homologous proteins are organized in rows and transcription systems in columns. The universally conserved RNAP subunits are shaded in mint green, archaeo-eukaryote-specific subunits in lavender, and transcription factors in dusky pink. Note that only one transcription factor, Spt5 (NusG), is present in all three domains of life. Eukaryotic RNAP subunits and transcription factors are according to S. cerevisiae nomenclature.
*Subunits Rpo8 and 13 are only present in a subset of archaeal species. **The A49 subunit of RNAPI bears partial structural homology with TFIIFα (and C53) and to TFIIEα (and C82).
strong promoters and negatively supercoiled DNA templates [15, 16] . TFB (TFIIB) interacts with RNAP in sophisticated ways: the N-terminal ZR (zinc ribbon) recruits RNAP via the dock domain and the B-linker region slots into the active site where it stimulates early transcription and stabilizes the template DNA strand, whereas the two cyclin repeats of the TFB (TFIIB) core domain both interact with the TBPpromoter platform and the DNA-binding cleft and wall of RNAP [17] . TFE (TFIIE) joins the initiation complex either individually or as a pre-formed RNAP-TFE complex [18] . In either case, TFE stimulates DNA melting of the promoter and enhances open complex formation of the initiation complex by interacting with the RNAP in a bidentate fashion. The TFE (TFIIE) α ZR domain interacts with the RNAP clamp and stalk, whereas the TFE (TFIIE) α WH (winged helix) domain interacts with the RNAP clamp coiled coil (also referred to as clamp helices in the bacterial system) [18, 19] . The complex between TFE and RNAP can be formed directly (binary complex), as well as in the context of preinitiation complexes (DNA-TBP-TFB-RNAP-TFE) and elongation complexes (DNA-RNA-RNAP). TFE can associate directly with RNAP-DNA-RNA elongation complexes and be cross-linked to the DNA template downstream of the transcription start site in early elongation complexes in vitro, but the biological significance is unclear [18, 20, 21 ]. The precise way by which TFE (and TFIIE) stimulates DNA melting and open complex formation during initiation is not completely understood, but the interfaces between factor and RNAP suggest at least three likely allosteric and non-allosteric mechanisms [18] . First, the RNAP clamp comprises two segments of separate polypeptides and the two principal domains of TFE make contacts with either: the TFE WH domain interacts with the clamp coiled coil of RNAP subunit Rpo1, and the TFE ZR domain interacts with Rpo2. These interactions may provide the necessary purchase of TFE on RNAP to modulate the clamp position. Secondly, the TFE ZR domain that is located between the clamp (Rpo2) and stalk (Rpo4/7) forms a wedge that locks the clamp in a closed position. Both mechanisms are allosteric in the sense that TFE operates indirectly via the RNAP clamp, which in turn communicates with the active site and the DNA template and induces open complex formation. Thirdly, the RNAPbound TFE could capture the non-template strand after DNA melting between its WH and ZR domains and thereby stabilize the melted state of the promoter, and the open complex. The precise path of the non-template strand in the open complex has not been resolved crystallographically, but single-molecule FRET (fluorescence resonance energy transfer) measurements probing its location indicate that the non-template strand traverses the clamp between the TFE domains [22, 23] . The TFE WH domain is juxtaposed to, and is likely to interact with, TFB (TFIIB) via the TFB linker region. What makes this topological arrangement of RNAP and factors interesting is the surprising analogy of the interaction network across evolutionary non-equivalent transcription factors [1] . The functions of multiple transcription factors in the archaeo-eukaryotic systems (including TFIIB, TFIIE and TFIIF) are carried out by the single-subunit σ factor in bacteria. The RNAP clamp plays a key role in this interaction network. In the initiation complex, the bacterial RNAP clamp helices are cradled by σ factor region 2, which is also essential for the recognition of the − 10 elements of bacterial promoters, the site of initial DNA melting and template strand loading into the active site. The archaeo-eukaryotic RNAP clamp coiled coil interacts with the linker domain of TFB (TFIIB) on the 'inside' of the clamp, whereas the TFE (TFIIE) α WH domain makes contacts with the tip and on the 'outside' of the clamp, thus the combination of TFIIB and TFIIE interactions with the clamp coiled coil mimics σ region 2. The β-subunit of yeast TFIIE encompasses two WH domains that have been mapped across the DNA-binding channel recently [21] . Either of A schematic representation of archaeal RNAP with subunits colour-coded as indicated and divided into two groups: subunits that are universally conserved in evolution, and subunits that are specific for eukaryotic and archaeal enzymes. The RNAP stalk and clamp are highlighted with red broken-line circles, the closing movement of the clamp over the DNA template is indicated with a red arrow, and the bridge helix in the active site is highlighted in orange.
the two WH domains is dispensable for cell viability suggesting redundant functions [21] . The ensemble of three TFIIE WH domains, one donated by the α-subunit and two by the β-subunit, are closing the gap over the DNA-binding channel, thereby securing the template DNA in the initiation complex. The precise topology of RNAP, initiation factors and nucleic acid strands outlined above has been addressed by X-ray crystallography of partial complexes, FRET mapping and biochemical cross-linking and cleavage analysis. So far, despite heroic efforts, a highresolution structure of the entire complex has remained elusive, which in all likelihood reflects its conformationally dynamic nature (see movie in [24] ).
In summary, evolutionarily unrelated transcription initiation factors interact with a well-conserved motif of RNAP, the clamp coiled coil, i.e. that seems crucial for conformational changes during transcription initiation. Following the assembly of complete transcription initiation complexes and productive transcription initiation, RNAP escapes the promoter and enters the elongation phase of transcription.
How to get on with it: promoter escape
A complex network of interactions between DNA, transcription initiation factors and RNAP facilitates the efficient and promoter-sequence-specific recruitment of RNAP to sites of transcription in the genome. However, for robust transcription to occur, the interactions between promoter and RNAP need to be disrupted during promoter escape (Figure 2A ). Initial transcription leads to the 'scrunching' of DNA: the template is reeled into the RNAP while it is still bound to the promoter. Scrunching stores energy in the form of torsional stress in the complex; energy which may contribute to the dissociation of initiation factors [25, 26] . In addition, once the RNA exceeds 5 nt in length, it enters the space occupied by the initiation factor TFB (TFIIB)-linker or σ region 3.2-linker regions in the active site, which may trigger a partial displacement of either factor [27, 28] . All of the interaction events are dynamic equilibria and re-binding of the initiation factor may result in the stabilization of the initiation complex rather than promoter escape, leading to pausing or even thwarting attempts of RNAP to transcribe the gene. We propose that Nature has overcome this problem by evolving overlapping binding sites for initiation and elongation factors.
Transcription-factor-binding sites on RNAP
Spt5 is the only RNAP-associated transcription factor that is conserved in all three domains of life; in archaea and eukaryotes, it forms a dimer with Spt4 [29] . The universally conserved NGN (NusG N-terminal) domain anchors Spt5 (NusG and its paralogue RfaH in bacteria) to transcription complexes by binding to the RNAP clamp coiled coil on one side of the cleft, and to a lesser extent to the β-gate loop on the opposite side of the cleft [18, 30] (Figure 2B ). This arrangement is reminiscent of the three WH domains of TFIIE that also are straddling the DNA-binding channel of RNAP in the initiation complex [21] . Spt5 and NusG act as a physical barrier that closes the DNA-binding cleft over the template DNA and thereby prevents the dissociation of the DNA template from the transcription elongation complex, ensuring the astonishing processivity of transcription [31] [32] [33] [34] . On the other hand, binding of Spt4/5 to RNAP before its engagement with the template represses not only the association of RNAP with DNA, but also transcription initiation, at least in vitro [18] . What is the biological function of this suppression and how is it overcome? DNA-binding enzymes such as RNAP can and will, in a non-sequencespecific and factor-independent fashion, bind genomic DNA. RNAPs in this state are not available for promoter-directed transcription. Spt4/5 binding to RNAP could provide a means to prevent this quenching effect and increase the concentration of free and transcription-competent RNAP, provided that the Spt4/5 repression can be alleviated at promoter sites. Since the binding site of the Spt5 NGN domain is overlapping with the site of the TFE WH domain, both factors compete for binding to RNAP. However, the ability of Spt4/5 to compete with TFE for RNAP binding is context-dependent, it requires 50-fold higher concentrations of Spt4/5 to compete for TFE in the initiation complex (DNA-TBP-TFB-RNAP-TFE) compared with the binary RNAP-TFE complex, which can be explained at least in part by interactions between TFB and TFE in the initiation complex, and/or multiple phase-specific conformations of RNAP that display differential affinities for TFE (see above) [18] . The relative affinities imply that TFE, rather than Spt4/5, is bound to RNAP in initiation complexes, and ensures efficient transcription initiation even in the presence of Spt4/5. But what happens after initiation? During promoter escape, the interactions between the promoter, the initiation factors and RNAP need to be disrupted. Loss of TFB in the complex due to RNA displacement (see above) could decrease the affinity of TFE for RNAP and lead to its dissociation. Subsequent Spt4/5 binding to clamp coiled coil would obscure the TFE WH-binding site and thereby prevent reassociation of TFE, while forming a high-processivity transcription elongation complex. This type of competition between initiation and elongation factors has been described in the bacterial RNAP. Both the σ factor region 2 and the NGN domain of NusG interact with the RNAP clamp coiled coil (clamp helices), and the elongation factor NusG can compete for initiation factor σ binding to RNAP, at least in vitro [35] .
In summary, the non-homologous transcription initiation factors TFE and σ are swapped for a universally conserved elongation factor Spt5 and NusG, indicating that the swapping mechanism is common to all multisubunit RNAP systems, and important for their function.
Coupling and integration of transcription and translation
Whole-genome occupancy profiling of σ and NusG in Escherichia coli does not suggest an abrupt, but rather a gradual, exchange of σ , which NusG [36] , in compliance with the finding that σ , like TFE (see above), can be retained in early transcription elongation complexes [37] [38] [39] . The situation is complicated by the fact that multiple factors are likely to influence NusG and Spt4/5 recruitment to RNAP and the swapping of σ or TFE and Spt4/5 or NusG. In bacteria, as well as archaea, transcription and translation are able to be coupled as they lack a nuclear envelope. In fact, the nascent mRNA is translated immediately after it emerges from the RNAP [40] . Interactions between the RNAP-bound NusG KOW (Kyprides, Ouzounis, Woese) domain and ribosomal protein S10 (also known as NusE) might enhance the coupling of RNAPs and the first ribosome to translate the mRNA [41] . This may play an important role in adjusting translation and transcription rates, whose ratio is held constant at one amino acid residue per three nucleotides polymerized over a range of growth rates [42] . RNAP-bound NusG could recruit the initiating ribosome to the transcription elongation complex and thereby enhance translation initiation. Alternatively, the ribosome-bound NusG could be sequestered to the RNAP elongation complex by the first co-translating ribosome due to the tethering of RNAP and ribosomes via the mRNA. Whether only one scenario is true or both apply in vivo, and indeed whether these interactions regulate gene expression in archaea remains to be elucidated. Another important question pertains the fate of Spt4/5 and NusG before, or during, transcription termination. The stability of the RNAP-Spt4/5 complex supports high processivity by denying dissociation of the template from the transcription elongation complex. However, during transcription termination, the efficient release of the template is mandatory to enable reinitiation of RNAP for the next round of transcription, which raises the important question of how Spt4/5 and NusG are dissociated from the elongation complex. Are they actively displaced due to conformational changes in RNAP, or are exogenous termination factors involved?
Summary
The initiation factor TFE (TFIIE) and the elongation factor Spt4/5 carry out fundamentally distinct functions during the transcription cycle, but common themes are becoming evident. Both modulate the interactions between the RNAP and the DNA template, and both interact with RNAP in a similar fashion located proximal to, and across, the DNAbinding channel. Owing to partially overlapping binding sites, Spt4/5 and TFE bind to the RNAP clamp in a mutually exclusive manner, and a 'change of guards' (i.e. elongation for initiation factors) during promoter escape could drive the RNAP through the transcription cycle. 
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